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Abstract
The strong interaction between heavy quarks and the quark gluon plasma makes the open and hidden charm hadrons
be sensitive probes of the deconfinement phase transition in high energy nuclear collisions. Both the cold and hot
nuclear matter effects change with the colliding energy and significantly influence the heavy quark and charmonium
yield and their transverse momentum distributions. The ratio of averaged quarkonium transverse momentum square and
the elliptic flow reveal the nature of the QCD medium created in heavy ion collisions at SPS, RHIC and LHC energies.
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1. Introduction
The strongly interacting Quantum Chromodynamics (QCD) system is expected to experience a phase
transition from hadronic matter to a new state of partonic matter, the so called quark-gluon plasma (QGP).
The existence of the partonic phase has been well established in √sNN= 200 GeV Au+Au collisions at
RHIC as well as in √sNN= 2.76 TeV Pb+Pb collisions at LHC. The study of high energy nuclear collisions
has entered a new era where current physics programs at both RHIC and LHC focus on the properties of the
new form of matter and how the hot matter undergoes the deconfinement transition. Since the new state of
matter can exist only in the early stage of the collisions and cannot be directly observed in the final state, one
needs sensitive probes to demonstrate the formation of the new state. Heavy flavor hadrons, including open
and hidden charm or beauty hadrons, are widely considered as such probes. Different from light hadrons
which are constructed from the constituents of the hot matter on the phase transition hypersurface and carry
the collective properties of the matter, heavy quarks are mainly produced through hard processes in the
initial stage of the collisions, due to their large masses compared to the scale of QCD and the temperature
of the medium. Then the initially produced quarkonia and the rest of the heavy quarks will pass through
the whole medium and carry its properties in the final state. By comparing the open charm production in
A+A collisions with that in elementary p+p collisions, we can extract information about the energy loss of
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heavy quarks during their propagation through the hot medium. On the other hand, due to color screening at
finite temperature and density, quarkonium suppression in nuclear collisions has been proposed to provide
an unambiguous signature of QGP formation.
2. Heavy Quark Transport
In high energy nuclear collisions, heavy quarks are investigated through measuring the decay products of
open heavy mesons, like pions and kaons, or semi-leptonic decay electrons and muons, or reconstructed non-
prompt charmonia from B decay. Due to the large mass, one would intuitively expect that, heavy quarks can
hardly participate the medium collective motion and their thermalization should be difficult in comparison
with light quarks. However, at both RHIC and LHC heavy quarks follow availably the flow of the medium
and possess a large elliptic flow v2. This discovery indicates an extremely strong interaction between heavy
quarks and the hot and dense medium, especially near the hadronization time when the collective flow of the
bulk medium has already built up. At the moment, what is the exact mechanism of the in-medium interaction
of heavy quarks is still an open question and extensively studied in both perturbative and nonperturbative
approaches. For very hard heavy quarks with pT ≫ mQ, the medium induced gluon radiation is expected
to dominate the energy loss mechanism, since there should be no big difference between heavy and light
quarks in ultra-relativistic domain where quark mass is negligible. Due to the dead cone effect induced by
the large mass scale at small or intermediate pT range, the radiative process is reduced and the collisional
energy loss is invoked.
In the hot QCD medium, the typical momentum transfer in heavy quark interactions is of the order of
the Debye mass mD ∼ gT . At the current colliding energies, it is smaller than the heavy quark mass (strictly
speaking, the thermal momentum), a Fokker-Planck approach or Langevin approach is then suitable to treat
the Brown motion of heavy quarks in medium, which can be deduced from the corresponding Boltzmann
equation without mean field interaction, see for instance Ref. [1] for details. In such stochastic treatment,
the heavy quark in-medium interaction and the medium properties are encoded in the equation through the
transport coefficients. In the Langevin approach, the three-momentum of an individual heavy quark evolves
as
dp
dt = −γ(T, p)p+ η(t), (1)
where γ is the drag coefficient giving the deterministic friction force, and η is a stochastic noise term de-
scribing the random kicks from the medium constituents and satisfies
ηi(t)η j(t′) = κ(T, p)δi jδ(t − t′) (2)
in nonrelativistic case with κ being the momentum-space diffusion coefficient (mean-squared momentum
transfer per unit time) or
ηi(t)η j(t′) = [κL pˆi pˆ j + κT (δi j − pˆi pˆ j)]δ(t − t′) (3)
in relativistic case with κL/T being the longitudinal and transverse momentum-space diffusion coefficients.
One can decompose η into ηL and ηT representing random momentum kicks in longitudinal and transverse
direction with respect to the heavy quark motion.
In a generalized version of the Langevin approach, energy loss due to the medium-induced gluon radia-
tion is included by adding a recoil force [2]
dp
dt = −γ(T, p)p + η(t) + fg (4)
with fg = −dpg/dt, and the momentum of radiated gluons are sampled according to the gluon radiation
spectrum evaluated from pQCD higher twist calculation. To effectively introduce a balance between the
gluon radiation and the inverse absorption, a lower cut-off (piT ) is set in the gluon radiation spectrum.
To ensure the thermal equilibrium in the limit of long time evolution, the drag coefficient γ should be
related to the momentum diffusion coefficient κ (or κL/T in relativistic case) through generalized Einstein
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fluctuation-dissipation relation. In the case of weak coupling, the momentum diffusion can be calculated
in the frame of perturbative QCD at different levels, for instance at the leading order [1], leading order
with hard thermal loop resummation [3, 4], next to leading order [5], and leading order with hard thermal
loop resummation and running coupling [6–8]. For nonperturbative diffusion coefficient in strong coupling,
there are calculations from lattice QCD simulation [9], thermodynamic T-matrix approach [10], AdS/CFT
correspondence [11] and the semi-Quark-Gluon Monopole Plasma (sQGMP) scheme [12]. To describe
simultaneously the nuclear modification factor RAA and elliptic flow v2 of open heavy mesons, the drag
coefficient in the Langevin approach needs to have a strong enhancement around the critical temperature Tc.
The sQGMP model presents a consistent framework showing both soft bulk viscous and hard jet quenching
with a smooth crossover from perturbative region to nonperturbative region. The enhancement around Tc for
qˆ/T 3 and dropping off for η/s are mainly due to the emergence of color-magnetic monopoles near Tc which
are the pertinent degrees of freedom with long wavelength probably assuring the confinement transition.
However, only the high pT heavy flavors can be described in this framework. For the low pT part, the
coalescence mechanism for a heavy quark to statistically pick up a light quark on the hadronization hyper
surface can also contribute to the large collective flow.
From the lattice QCD simulation [13], there is a very large additional entropy around Tc associated with
a heavy quark pair and it increases with the heavy quark distance in some range, reflecting an entanglement
between the heavy quark and the medium which induces numerous states for the heavy quark pair. Focusing
on heavy quarks (or considering long distance limit for heavy quark pairs), this indicates that, heavy quarks
are strongly coupled to the medium, especially near Tc. Phenomenologically, a hybrid treatment to separate
the heavy quark evolution into two steps according to the temperature of the medium and take into account
the strong interaction near Tc would be helpful to understand the heavy quark motion in QGP.
3. Heavy Quark Potential
We now discuss the potential between a pair of heavy quark and anti-quark which is a traditional ob-
servable for understanding the QCD confinement. The often used non-relativistic Cornell potential [14] in
vacuum contains a Coulomb part (∼ 1/r) and a linear term (∼ σr), the former is significant at small separa-
tion and the latter becomes dominant at large distance. The Cornell potential describes well the quarkonium
spectroscopy in vacuum and thus provides a well-defined background to further test the medium effects
at finite temperature and density. From the microscopic QCD theory itself, the Cornell potential can be
understood using the effective field theories NRQCD and pNRQCD in 1/mQ expansion [15], where mQ is
the heavy quark mass. When we put the heavy quark pair into a QGP phase, the color screening will limit
the range of the attractive binding force between the two quarks. When the screening radius rD, which is
inversely proportional to the temperature of the QGP, becomes smaller than the bound state radius, the pair
will melt into the medium [16]. This inspires the sequential melting scenario that the quarkonium states with
different binding energy have different melting temperature and disappear in the hot medium sequentially.
The experiment data on Υ suppression at RHIC [17] and excited states at LHC [18] support the sequential
melting scenario.
At finite temperature, based on the Euclidean correlator of the Polyakov loops, the static heavy quark
free energy F(T, r) is calculated in lattice QCD in quenched [19] and (2+1)-flavor QCD case [20], from
which the internal energy U(T, r) can be derived through thermodynamic relations,
U(T, r) = F(T, r) − T ∂F
∂T
= F(T, r) + TS (T, r), (5)
where the difference between F and U is the entropy S (T, r) = −∂F/∂T associated with the heavy quark
pair. The free energy from lattice simulation shows a saturation at large distance r and finite temperature
T , which is compatible with the Debye screening expectation for heavy quark interaction. The question is
what is the relation between the lattice calculated free energy and the heavy quark potential V(T, r) which
controls the quarkonium dissociation. By solving the Schroedinger equation for the heavy quark pair, the
dissociation temperature for J/ψ in the limit of V = F is TJ/ψ ≃ 1.2Tc with Tc being the critical temperature
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of the deconfinement phase transition, while in the other limit of V = U J/ψs can survive in the deconfined
plasma up to the temperature TJ/ψ ≃ 2.1Tc, showing a much more strong binding. Phenomenologically, the
comparison between a model calculation and the experimental data on excited Υ states is sensitive to the
choice of the heavy quark potential [21]. On the other hand, based on the directly calculated quarkonium
correlator G(r, τ) from lattice QCD, the in-medium quarkonium spectrum can be evaluated by the Maximum
Entropy Method (with still a large uncertainty in the reconstruction), and the dissociation temperature can be
estimated from the disappearance of the peak of the spectral function. For J/ψ, the melting point is located
at TJ/ψ ≃ 1.5Tc from the recent hot QCD simulation [22].
One should note that the above potential analysis assumes the medium to be stable and isotropic. How-
ever, in a realistic heavy ion collision, due to the fast expansion and non-zero viscosity of the system, the
produced medium would exhibit a local anisotropy in momentum space. Stronger attraction is found to be
aligned along the longitudinal direction in an anisotropic medium [23], which will enhance the quarkonium
surviving temperature compared to the isotropic case. The relativistic correction to the potential model will
also enhance the J/ψ dissociation temperature by 7% − 13% depending on the choice of the potential [24].
Apart from the screening of the attractive binding between heavy quarks, the bound states would also
suffer a scattering dissociation by the medium constituents, which is not captured by the above analysis
and should manifest as a thermal width in the spectral function. From thermal field theory, a static heavy
quark potential at finite temperature is recently evaluated by Fourier transformation of the hard thermal
loop resumed gluon propagator [25]. Due to the complexity of the gluon self energy, an imaginary part is
automatically developed for the heavy quark potential at T ≫ 1/r ∼ mD,
VHT L(r ∼ 1
mD
) = −43
αs
r
(e−mDr + mD) + i83αsT
∫ ∞
0
dt(1 − sin(mDrt)
mDrt
) t(t2 + 1)2 , (6)
where mD is the gluon Debye screening mass. This imaginary part smears the spectral peaks and leads to a
finite thermal width reflecting the thermal medium effects,
Γ =
∫
Ψ†[ImV]Ψ, (7)
with Ψ being the in-medium charmonium wave function. The underlying physics of this finite width is
interpreted as the Landau damping of the low frequency gauge field. In terms of the nonrelativistic field
theory pNRQCD, the heavy quark potential is evaluated, and an additional color singlet-to-octet thermal
break-up mechanism is found to contribute to the quarkonium thermal width [26], especially in the temper-
ature range where mD is smaller than the binding energy. Motivated by the effective field theory calculation,
a lattice regularized QCD simulation based on NRQCD Lagrangian is recently performed [27]. The heavy
quark potential is extracted from the simulated spectral function, where the spectral peak and width are
respectively related to the real and imaginary part of the potential. It shows that, the imaginary part of the
potential ImV is compatible with the perturbative result [25], and the real part ReV from HotQCD collabo-
ration with N f = 2+1 flavors is closer to the free energy F. By parameterizing the potential in a generalized
Gauss law approach and putting it into the Schroedinger equation, the dissociation temperature for J/ψ is
TJ/ψ ≃ 1.37Tc [28].
To understand the lattice QCD result from a point of view of many-body physics, a non-perturbative
T-matrix approach is developed [29]. In this approach, by fitting the lattice calculated free energy, the heavy
quark potential is recently evaluated [30] by taking a diagrammatic treatment through defining the potential
within a scattering equation. The extracted potential is found to be in between the free energy F and the
internal energy U but very close to U. Interestingly, the derivative of the complex potential, namely the
binding force between the two heavy quarks, is stronger than both from free energy and internal energy,
implying a remnant confining string tension in the medium related with a long-range correlation.
Since the produced QGP in heavy ion collisions expands rapidly and thus cools down fast, the potential
analysis might not be valid, because the heavy quark pair would hardly keep in a fixed eigenstate of the
evolving Hamiltonian of the heavy quark system. Even further, whether a separate treatment for quarkonium
evolution by taking the QGP only as a background really works is somehow questionable. Due to the
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large entropy associated to a quarkonium in medium observed in lattice QCD [13], especially near Tc, the
entropic force [31] induced coupling between medium constituent and heavy quarks might be stronger than
the binding between the two heavy quarks. This makes the treatment of the heavy quark bound state as
an color neutral entity unjustifiable, it should be influenced by the surrounding medium, since each heavy
quark in the bound state is strongly entangled with the medium. An entropic self-destruction scenario is
proposed and results in a stronger dissociation around the critical temperature Tc. Taking into account the
entropic force, the quarkonium binding potential is argued to be the free energy F [32], since the extra
binding through the difference between F and U is cancelled by the repulsive entropic force.
4. Nuclear Matter Effects on Quarkonia
Quarkonium suppression has been extensively studied both experimentally and theoretically since the
first work by Matsui and Satz [16]. From the experimental data and the corresponding theoretical interpre-
tations, it is now realized that, apart from the color screening, some other medium effects come into play
during the quarkonium evolution which make the picture for charmonium production in heavy ion collisions
complicated. They are usually classified into cold and hot nuclear matter effects.
Before the initially produced quarkonia pass through the hot medium, they are already affected by the
cold nuclear matter effects, including (1) nuclear absorption or normal suppression, namely that the quarko-
nia are eaten up by collisions with the surrounding primary nucleons [33]; (2) Cronin effect, namely that
prior to any hard scattering the initial partons acquire additional transverse momentum via multi-scattering
with nucleons, and then the pT broadening will be inherited by the produced quarkonia through hard pro-
cesses [34]; (3) nuclear shadowing effect, namely that the parton distribution function (PDF) in nucleus
differs from that in a free nucleon, and the suppressed or enhanced parton distributions, depending on the
momentum fraction of the partons, will change the initial quarkonium production [35, 36]. A deep under-
standing of the parton distributions in nuclei requires the knowledge from e+p and e+A collisions [37].
These cold nuclear matter effects are expected to be fixed through p+A collisions, under the assumption that
no hot medium is created in such collisions.
After entering the created partonic medium, the color screening will alter the binding inside the bound
state. Different suppression mechanisms work here in different temperature domains. When the tempera-
ture is higher than the charmonium dissociation temperature, no bound states survive, all the quarkonium
states melt into the medium. Below this melting threshold, there is still charmonium suppression through
collisions with the medium constituents like gluon dissociation [38] and quasi-free dissociation [39], which
respectively correspond to singlet-to-octet transition and Landau damping in terms of effective field theory.
Microscopically, knowing the parton induced break-up cross section σΨ, the dissociation rate or thermal
width can be expressed as
ΓΨ =
∫ d3k
(2pi)3 vrelσΨ(s, T ) fg(k), (8)
for gluon dissociation and
ΓΨ =
∑
i=g,q,q¯
∫ d3k
(2pi)3 vrelσΨ(s, T ) fi(k)(1 ± fi(k)), (9)
for quasi-free dissociation with fp,g(k) the parton thermal distribution in medium. Inversely, this provides a
way to extract the microscopic dissociation cross section from the dissociation rate [26, 40, 41].
Another hot medium effect related to the quarkonium suppression is the quarkonium regeneration inside
the hot medium [42–45] through the recombination of those uncorrelated heavy quarks. With increasing
colliding energy, the suppression of the initially produced quarkonia becomes more and more strong, but the
regeneration contribution increases due to the abundant heavy quarks in the medium at high energies. The
balance between the suppression and the regeneration controls the quarkonium production in high energy
nuclear collisions. There are different ways to treat the suppression and regeneration. Within the statisti-
cal hadronization model [42], the quarkonia are statistically produced at the hadronization transition from
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kinetically equilibrated medium, and all the initially produced quarkonia are assumed to be absorbed by
the medium. Considering the fact that J/ψ and Υ can survive in the medium with temperature above the
critical temperature Tc and below the dissociation temperature TJ/ψ(TΥ), a continuous regeneration scheme
is proposed in kinetic formalism [43] where quarkonia can be both dissociated and regenerated continu-
ously inside the QGP medium. In a strongly coupled QGP phase, the charm quark diffusion constant is very
small, and the binding force between the two quarks inside a charmonium is still strong [46], especially near
Tc, a generalized Langevin approach with additional binding force (F = −∇V) is proposed to evaluate the
charmonium evolution, where the regeneration from correlated charm quarks is included. More generally,
being motivated by the fact that the QGP produced in heavy ion collisions is a rapid cooling system, open
quantum system formalisms are developed for studying quarkonia in nuclear collisions [47] which exclude
the adiabatic condition used in usual treatments. Similar to the open quantum system approaches, a Hamil-
tonian based approach is developed, and through a chain of well-controlled approximations it finally arrives
at a generalized Langevin formalism, with which both the quarkonium dissociation and regeneration are
calculable [48].
5. Quarkonium Transverse Momentum Distribution
Transverse motion is developed during the dynamical evolution of the system. It has been well docu-
mented in the light quark sectors for heavy ion collisions at all energies. In order to understand the produc-
tion and suppression mechanisms and extract the properties of the medium, it is proposed to construct a new
ratio for the second moment of the transverse momentum distribution. The ratio rAA is defined as [49, 50]
rAA =
〈p2t 〉AA
〈p2t 〉pp
. (10)
The quarkonium motion in heavy ion collisions can be described by a transport equation [45, 51] with
initial condition determined by the superposition of p+p collisions and modification from the cold nuclear
matter effects. The loss and gain terms on the right hand side of the transport equation are controlled
by the quarkonium suppression and generation [52, 53]. Fig.1 shows the calculated J/ψ rAA [50] as a
function of collision centrality (Npart) for collisions at SPS, RHIC and LHC. There is a clear rise in rAA in
peripheral collisions at all colliding energies. It is believed due to the Cronin effect before the quarkonium
formation [34] and it is more important for collisions at lower energy.
0
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1.5
0 100 200 300 400
(A) mid rapidity
Model predictions
SPS:   Pb+Pb at Ö sNN = 17.3 GeV
RHIC: Au+Au at Ö sNN = 200 GeV
LHC:   Pb+Pb at Ö sNN = 2760 GeV
Number of Participants Npart
r A
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<
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>
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0 100 200 300 400
(B) forward rapidity
Pb+Pb at Ö sNN = 17.3 GeV
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Fig. 1: (color online) J/ψ rAA = 〈p2t 〉AA/〈p2t 〉pp as a function of collision centrality (Npart) for collisions
at SPS (open triangles)[54], RHIC (open circles)[55] and LHC (filled circles)[56]. Left and right plot are
results from mid-rapidity and forward-rapidity, respectively. The solid and dashed lines indicate the model
results with and without considering the shadowing effect [57].
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The centrality dependence of rAA clearly reflects the underlying J/ψ production and suppression mech-
anisms in high energy nuclear collisions. At lower collision energy where the charm cross section is small
and the regeneration is negligible, almost all of the observed J/ψs are produced at the initial impact. In this
case, the Cronin effect [34] is dominant and tends to increase the transverse momenta of the finally observed
quarkonia. As a result rAA is always above unity and increases monotonically versus collision centrality,
see left panel of Fig. 1. In the truly high energy heavy ion collisions, on the other hand, charm quarks are
copiously produced and the regeneration for quarkonia can be significant. Although these heavy quarks are
initially produced via hard process with large transverse momenta, they loss energy when interacting with
the medium. Since the temperature is high in such violent collisions, especially in the most central collisions,
almost all initially produced J/ψs are destroyed and the regenerated J/ψs dominate the final production. As
shown in the left panel of Fig.1, the predicted rAA for heavy ion collisions at LHC is less than unity and
decreases toward more central collisions. The prediction has been confirmed by the experimental results at
somewhat forward rapidity window as shown in the right plot of Fig.1 [56]. The strong competition between
the initial parton scattering and the regeneration at RHIC energy leads to a flat centrality dependence of rAA
at mid-rapidity, shown as open circles in the left plot. Shift a bit away from the mid rapidity, see the right
plot of Fig.1, the ratio at RHIC is increasing versus centrality signaling the importance of initial scattering
at the RHIC energy. One may ask oneself if the above result of rAA is due to the initial shadowing effect
which changes the parton distributions in nuclei. Different from the integrated yield, the averaged transverse
momentum is a normalized quantity, therefore the shadowing induced change in the parton distribution is
minimized. As shown in Fig.1, the small difference between the solid and dashed lines, the hatched band, is
the results of shadowing effect [57].
The elliptic flow is a measure of the collective motion and sensitive to the thermalization of the quarko-
nia. It describes the asymmetry of the quarkonium transverse motion,
v2 = 〈
p2x − p2y
p2x + p2y
〉 = 〈cos 2φ〉. (11)
The initially produced J/ψs only possess a very small elliptic flow from the geometry induced leakage
effect [58]. The regeneration on the other hand depends much on the heavy quark evolution. The large v2
of charm quarks due to the strong interaction with the medium can be inherited by the regenerated J/ψs.
The transport approach can explain [50, 59] well the disappeared elliptic flow at RHIC energy [60] and the
sizeable elliptic flow at LHC energy [61].
6. Conclusion
Heavy quarks and quarkonia are sensitive probes of the quark gluon plasma created in high energy nu-
clear collisions, due to their strong interaction with the constituents of the hot medium. By taking into
account the cold and hot nuclear matter effects on their evolution in the partonic and hadronic phases, we
can describe most of the experimental data by adjusting some parameters in phenological models. However,
there exist still some puzzles which are beyond our expectations, like the simultaneous treatment of the
heavy quark RAA and v2, the double ratio of ψ′ to J/ψ yield in some special rapidity, the strong charmo-
nium enhancement in peripheral collisions, and the partial thermalization of charmonia in small systems.
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